Plasmodium LCCL proteins comprise a family of six proteins that function as a protein complex and have essential roles in sporozoite transmission. In Plasmodium berghei, family members PbLAP1, PbLAP2 and PbLAP3 have been shown to be expressed in gametocytes and, following gametogenesis and fertilization, to be targeted to distinctive multivesicular organelles termed crystalloids that form in the ookinete. Here, we show by GFP-tagging that PbLAP4, PbLAP5 and PbLAP6, like their family members, are associated with the crystalloids. However, in contrast to their family members, protein expression of PbLAP4, PbLAP5 and PbLAP6 was not detected in gametocytes, even though transcription of the corresponding genes is most prominent in the sexual blood stage parasites. These results suggest that translational repression controls expression of the LCCL protein repertoire and, consequently, the temporal function of the protein complex during P. berghei development in the mosquito.
Crystalloids are unique parasite structures implicated in malaria transmission by virtue of their restricted presence in ookinetes and young oocyst stages that develop in the mosquito vector (reviewed in [1] ). Crystalloids appear in transmission electron microscopy (TEM) as large clusters of small spherical particles. Plasmodium falciparum crystalloids are virtually indistinguishable from those of P. berghei and high resolution electron micrographs show their subunit particles to be individually bound by a lipid bilayer [2] . Hence, Plasmodium crystalloids appear to be multivesicular organelles rather than particulate cytoplasmic inclusions. To date, three parasite proteins have been found associated with the crystalloids: PbLAP1 (also known as PbSR), PbLAP2 and PbLAP3, all members of a gametocyte-expressed family of LCCL-lectin adhesive-like domain proteins (LAPs) otherwise known as Plasmodium LCCL proteins or PCCp proteins [3] [4] [5] [6] [7] . This link is based not only on the presence of these three PbLAP family members in the crystalloids, but also by the failure of PbLAP1 knockout and deletion mutants to form crystalloids [4, 5] . The LAP family is composed of six highly conserved and structurally related proteins with a modular architecture consisting of multiple domains implicated in protein, lipid and carbohydrate binding. Family members are both typified by, and named after, the LCCL domain that was initially identified in the horse shoe crab Limulus clotting factor C, the cochlear protein Coch5b2, and the late gestation lung protein Lgl1 [8] . The LCCL domain is present either in single or multiple copies in all but one family member. LCCL proteins also possess a canonical amino-terminal endoplasmic reticulum (ER) signal peptide and are translocated into the ER [4] .
With the exception of PbLAP3, all PbLAP family members have been studied by targeted gene disruption and show very similar loss-of-function phenotypes epitomized by a failure to form sporozoites in the oocysts (Table 1) . This is not a foolproof genetic block as PbLAP knockout parasites occasionally produce sporulating oocysts, however sporozoite transmission has not been achieved with any of the PbLAP null mutant lines [4, 6, 9, 10] . The apparent oocyst/sporozoite-associated function of the LCCL proteins is poorly compatible with their reported expression in gametocytes as these life cycle stages are several days and developmental transitions apart, and it has been proposed that the crystalloids provide a protein trafficking mechanism to deliver the LCCL proteins, and possibly other molecules, from the gametocyte to the oocyst [4, 11] . The gametocyte-specific expression profiles of all the PbLAPs as ascertained by fluorescent protein tagging, GFP reporter studies and RT-PCR, combined with their very similar loss-of-function phenotypes, points to a functional co-dependence and indicates that these molecules are involved in a similar cell biological process and operate in concert, probably as a protein complex [1] . This is further supported by observations that simultaneous knockout of two family members gives the same phenotype as the single knockouts, showing a lack of functional redundancy [12] . Indeed, molecular interactions between LCCL protein family members have been shown in P. falciparum using co-immunoprecipitation experiments [13] . Moreover, a mechanism promoting interaction between family members based on conformational interdependence was recently reported [14] .
In this study we investigated whether the LCCL proteins PbLAP4 (PBANKA 131950), PbLAP5 (PBANKA 131530) and PbLAP6 (PBANKA 041760) displayed similar expression profiles as their family members, as well as an association with the crystalloids. Our strategy to investigate this was to generate genetically modified parasite lines in which the native proteins were fused at their carboxy-terminus with enhanced GFP, a strategy used successfully for PbLAP1, PbLAP2 and PbLAP3 [4, 5] . This allows PbLAP::GFP fusions to be expressed from the endogenous promoter, but with a 3 UTR derived from the pbdhfr gene [4, 5] . To achieve GFPtagging of PbLAP6 we adopted a strategy of single crossover homologous recombination. A ca. 1.9 kb fragment of pblap6 corresponding to the 3 -part of the coding sequence was PCR amplified from genomic DNA with primers P1 (ACGAAGTTATCAGTCGACAGC-CCCAGTTCAGACATAAAC) and P2 (ATGAGGGCCCCTAAGCTTTCTT-TATGAGGAATAAATAAAATGTTTTTAAAC) (Fig. 1A ) and introduced into SalI/HindIII-digested pDNR-EGFP [4] via in-fusion cloning (Takara Biotech) to give plasmid pDNR-PbLAP6/EGFP. The pblap6/egfp specific sequence was then transferred to pLP-hDHFR [5] via cre-loxp recombination to give plasmid pLP-PbLAP6/EGFP (Fig. 1A) . The same strategy was used to tag PbLAP4 at its carboxy terminus. A ca. 3 kb fragment of pblap4 corresponding to the 3 -part of the coding sequence was PCR amplified from genomic DNA with primers P3 (ACGAAGTTATCAGTCGACAAGATGTCGAAAATATTTGT-GCAT) and P4 (ATGAGGGCCCCTAAGCTTTCACATTCTGATATACACT-GATTTATCA) and introduced into SalI/HindIII-digested pLPPbLAP6/EGFP to give pLP-PbLAP4/EGFP (Fig. 1A) . To achieve GFP-tagging of PbLAP5 we used a strategy of double crossover homologous recombination. The entire pblap5 coding sequence plus ca. 0.6 kb of upstream sequence was PCR amplified from genomic DNA with primers P5 (ACGAAGTTATCAGTCGAAGCTTCAT-ACTGTTATATATTGCACATATAGCC) and P6 (ATGAGGGCCCCTAAGC-TATTGTGGAGAAATATAATTTGTATAGATTG) (Fig. 1A) and cloned into SalI/HindIII-digested pDNR-EGFP to give plasmid pDNRPbLAP5/EGFP. The 3 UTR of pblap5 was amplified with primers P7 (CCTTCAATTTCGACATAGAGGCATTTGACAAACAAAC) and P8 (GCG-GCCGCTCTAGCATAATGTTTTATTTTTTCCATTTTCAGC) (Fig. 1A) and the resulting ca. 0.7 kb fragment cloned into NdeI-digested pLPhDHFR by in-fusion cloning to give plasmid pLP-hDHFR/PbLAP5. The pblap5/egfp-specific sequence from pDNR-PbLAP5/EGFP was transferred to pLP-hDHFR/PbLAP5 by cre/loxp recombination to give the final construct pLP-PbLAP5/EGFP (Fig. 1A) . Plasmid pLPPbLAP5/EGFP was linearized with HindIII and SacII to remove the vector backbone prior to transfection, whereas plasmids pLPPbLAP6/EGFP and pLP-PbLAP4/EGFP were linearized with XhoI and PacI, respectively. After transfection pyrimethamine-resistant parasites were selected and cloned, as described [15] , to give parasite lines PbLAP4/GFP, PbLAP5/GFP and PbLAP6/GFP, respectively.
Diagnostic PCR on genomic DNA extracted from clonal lines of the transgenic parasites was used to confirm the correct integration of the modified alleles into their target loci, as well as the absence of the wildtype alleles. Primers P9 (CACAATTGGTATAACACCG) and P10 (GTGCCCATTAACATCACC) (Fig. 1A) amplified a unique ca. 2.0 kb fragment from parasite line PbLAP6/GFP (Fig. 1B) , confirming correct integration of the gfp sequence downstream of the pblap6 allele. Conversely, primers P9 and P11 (CCTTTTATATTTTG-TACCCATTTAATCG) (Fig. 1A) amplified a predicted fragment of ca. 2.0 kb from WT parasites, but not from PbLAP6/GFP parasites (Fig. 1B) , demonstrating the absence of the wildtype pblap6 allele in the transgenic lines. Similarly, diagnostic PCR using primers P12 (GCCTAGTTCTCCTTCTGG) and P10 (Fig. 1A) amplified a unique ca. 3.3 kb fragment from parasite line PbLAP4/GFP (Fig. 1B) , confirming correct integration of the gfp sequence downstream of the pblap4 allele. Conversely, primers P12 and P13 (TTTGATAG-CACTCTTTCAAATGC) (Fig. 1A) amplified a predicted fragment of ca. 3.3 kb from WT parasites only (Fig. 1B) . Diagnostic PCR using primers P14 (ACAAAGAATTCATGGTTGGTTCGCTAAACT) and P15 (CTCTTCCAATTGCTCATTTA) (Fig. 1A) amplified a unique ca. 1.6 kb fragment from parasite line PbLAP5/EGFP (Fig. 1B) , confirming correct integration of the hdhfr selectable marker gene cassette into the pblap5 locus. Moreover, the absence of WT parasites was confirmed using primers P5 and P13 that amplified a ca. 4.5 kb fragment specific to the WT pblap5 allele (Fig. 1B) . Validated PbLAP4/GFP, PbLAP5/GFP and PbLAP6/GFP clonal parasite lines exhibited normal asexual and sexual blood stage development.
GFP fluorescence was not detected in mature oocysts of parasite lines PbLAP4/GFP, PbLAP5/GFP and PbLAP6/GFP, consistent with the demonstrated lack of discernible transcription of these pblap genes in oocysts and sporozoites by GFP reporter and RT-PCR studies [12] . To assess PbLAP protein expression and localization in ookinetes, ookinete cultures were set up from gametocytemic mouse blood. Mature ookinetes of parasite lines PbLAP4/GFP, PbLAP5/GFP and PbLAP6/GFP exhibited GFP-based fluorescence that typically distributed to 2-3 regions visibly associated with clusters of malaria pigment, characteristic of crystalloid targeting ( Fig. 2A) . This localization pattern is very similar to that observed for PbLAP1, PbLAP2 and PbLAP3 [4, 5] indicating that -like their family membersPbLAP4, PbLAP5 and PbLAP6 associate with the crystalloids. This adds further strong support to the concept that all the Plasmodium LCCL proteins are involved in a common molecular process and act as a protein complex, consistent with their common loss-of-function phenotypes and lack of functional redundancy. Furthermore, the targeting of PbLAP5 to crystalloids demonstrates that the LCCL domain is not required to be present in individual family members in order for the protein to be sorted to this organelle. This argues against the concept that the LCCL domain constitutes an organellar-targeting signal for crystalloids.
We previously showed by GFP tagging that PbLAP1, PbLAP2 and PbLAP3 are first expressed as protein in gametocytes [4, 5] . It was therefore surprising that we could not observe green fluorescence in gametocytes of parasite lines PbLAP4/GFP, PbLAP5/GFP and PbLAP6/GFP (Fig. 2A) . To shed more light on this we investigated gene transcription of pblap4, pblap5 and pblap6 by total RNA extraction from wildtype P. berghei ANKA parasites followed by reverse transcription and PCR. For each gene tested we used primer pairs that flanked an intron in order to distinguish between amplification from cDNA or contaminating gDNA (Fig. 1A) . Primers P16 (GCACTTTCTTTACGTGAATGGAG) and P17 (GCCAACTACTACGCCCATC) amplified a pblap4 cDNA-specific predicted product of ca. 750 bp in samples enriched for gametocytes or ookinetes. A ca. 990 bp predicted product was amplified from gDNA owing to the presence of an intron situated in between the primer annealing sites (Fig. 2B) . By contrast, pblap-specific cDNA was not amplified from asexual blood stages (derived from P. berghei ANKA clone 2.33 which does not produce gametocytes), indicating that the product in the gametocyte sample was not amplified from cDNA from contaminating asexual blood stages (Fig. 2B) . Similarly, primers P18 (GATACATAAATGCTACAGTGA-GAATTATGAC) and P19 (CCCATCGAACAGAAAAATGC) amplified a pblap5 cDNA-specific predicted product of ca. 750 bp from sexual but not asexual blood stages (Fig. 2B) . The same primers gave rise to a ca. 990 bp predicted product from gDNA due to an intron between the primer annealing sites (Fig. 2B) . Primers P20 (CGCATGTATGT-GTGAATGTAGC) and P21 (ACATTAATGCACCATTCCCAT) amplified a pblap6 cDNA-specific predicted amplicon of ca. 670 bp from gametocytes. The amplification product with this primer pair from gDNA was ca. 980 bp, again because of an intron situated between the primer annealing sites (Fig. 2B) . The pbtub1 (encoding tubulin 1) cDNA-specific primers TUB1cDNA-F (TAGGACAGGCTGGTATC-CAAG) and TUB1cDNA-R (CTTGTGGTGATGGCCAGC) amplified a predicted cDNA product of ca. 500 bp (ca. 1200 bp from gDNA) confirming the presence of cDNA (Fig. 2B) . Because gametocytes contaminate the ookinete sample, but not the other way around, these results indicate that mRNA corresponding to pblap4, pblap5 and pblap6 is in fact most abundant in the sexual blood stages, consistent with other mRNA expression studies of these three genes [12] . This inverse relationship between mRNA and protein expression in gametocytes and ookinetes fits well with a scenario of translational repression (TR). TR is a process of translational silencing of mRNA that in P. berghei is specific to female gametocytes and involved in development of the parasite post-fertilization [16] . Indeed pblap4, pblap5 and pblap6 are predicted to be subject of TR in studies using DOZI (development of zygote inhibited) null mutants, while pblap1, pblap2 and pblap3 are not [16] . This is fully consistent with our observations reported here and in other studies [4, 5] . In further support of TR, neither PbLAP4, PbLAP5 and PbLAP6 were detected in the female gametocyte proteome, as opposed to PbLAP1, PbLAP2 and PbLAP3 [17] .
The similar loss-of function phenotypes of the pblap family members strongly imply that a complete PbLAP repertoire is needed to form a functional LCCL protein complex and allow normal sporozoite transmission. It is tempting to speculate that a functional LCCL protein complex would also be necessary for any gametocyte-specific function of these proteins. The TR of pblap4, pblap5 and pblap6 identified in this study reveals a potential mechanism to reduce the gametocyte-specific expression of select PbLAP family members and in doing so control the amount of functional LCCL protein complex that is present in gametocytes. Within the LCCL protein family PbLAP2 and PbLAP4 are structural paralogues, as are PbLAP3 and PbLAP5 [1] . It has been poorly understood why the parasite encodes such similar proteins from distinct genes. The notion that of each pair of the PbLAP paralogues only one is translationally repressed points to a biological need for their differential expression, which may have been the reason behind their ancestral gene duplication. The situation in P. berghei appears to be different from that in P. falciparum where all the LCCL protein family members have been shown to be expressed as proteins during gametocytogenesis and to form a 'complete' multi-protein complex in mature gametocytes [13, 18] . Thus, TR of the LCCL proteins in P. falciparum appears to be either absent, or less effective than that of its orthologues in P. berghei. The subcellular distribution of the LCCL proteins in P. falciparum gametocytes includes a vesicular secretion to the parasitophorous vacuole, resulting in exposure of the protein complex to the extracellular environment upon gametogenesis, to which various putative functions have been attributed [7, 13, [18] [19] [20] . Notably, a similar secretion of PbLAPs to the parasitophorous vacuole of P. berghei gametocytes is not apparent, although it cannot be ruled out that this occurs at low levels that are difficult to detect [4, 5] . Besides considerable dissimilarities in gametocytogenesis, the TR of select PbLAP family members could be a reason behind these species-specific differences.
